DNA ligase activity was studied in several untransformed or virus-transformed human cell lines from normal donors and from Bloom's syndrome (BS) patients. This genetic disease is characterized by several cytological abnormalities and cancer proneness and, recently, some transformed cell lines from these patients were described to present a reduced activity of DNA ligase I. Results presented in this work indicate that : (i) the total DNA ligase activity in crude extract from untransformed or transformed cell lines from several BS patients was significantly higher than in control cells ; (ii) the partial purification of the enzyme after gel filtration on fast protein liquid chromatography of crude extracts from lymphoblastoid BS cells showed that the enzyme activity was eluted in a major 180 kDa form in which activity was higher than in control cells ; (Hi) the activity gel analysis of these enzyme fractions revealed that DNA ligase of human cells was correlated to a major 130 kDa polypeptide and, in BS cells, the extent of the activity of this band was equal or higher than that in control untransformed or transformed cells.
INTRODUCTION
Bloom's Syndrome (BS) is a rare genetic disease associated with a high cancer incidence and several cellular abnormalities such as increased chromosomal instability, higher frequency of sister chromatid exchanges, delayed rates of conversion of nascent DNA chains into mature forms and abnormal responses to DNA damage (1) (2) (3) (4) (5) (6) . In agreement with this physiological situation, it has been showed recently that in several Epstein-Barr -virus (EBV)-transformed lymphoblastoid cells or Simian Virus-40 (SV40) -transformed fibroblasts, derived from BS, the first chromatographic form of DNA ligase eluted by gel filtration was reduced as compared to the DNA ligase activity in control cells (7) (8) (9) . Therefore, it has been suggested that a mutation in the ligase gene and a reduced level of activity arising from an altered enzyme could be responsible for the genetic defect of BS (7) (8) (9) . However, these data were obtained only from virus-transformed cell lines and it is not clear whether the author conclusions are generalizable to all other BS cell lines, including diploid fibroblasts (10) . Moreover, no quantitative analysis of total DNA ligase activity was reported in crude cell extracts in all previous reports (7) (8) (9) .
Therefore, at present, it is still unclear whether all BS cell lines present a reduced level of DNA ligase activity and whether the molecular defect of BS really corresponds only to a deficiency of this enzyme.
A large amount of information is now available on the biochemical properties of mammalian DNA ligase. Namely, DNA ligase I has been described as the major, large sizedform with a molecular mass ranging from 180-480 kDa, after its fractionation by gel filtration (11) (12) (13) and a 130 kDa polypeptide has been identified after purification and analysis through polyacrylamide gel electrophoresis of calf thymus enzyme (14) . The same molecular mass polypeptide was also found in mouse cells and rat livers, after immunoprecipitation of the enzyme with anti-DNA ligase antibodies or after activity gel analysis, respectively (15, 16) . This enzyme form participates in DNA replication, since its activity increases significantly in proliferating cells (17, 18) and recently, it has been shown to be unable to ligate oligo(dT) annealed to poly(rA) substrate (19) . Based on all these criteria, it could be distinguished from the ligase II , the minor small-size form of enzyme detected in mammalian cells (7, 9, 11, 19, 20) . The availability of recent techniques, such as fast protein liquid chromatography (FPLC) (7, 9) or activity gels (21) , allowed the rapid biochemical characterization of DNA ligase (without extensive enzyme purification) in cultured mammalian cells derived from normal or pathological samples.
In the present work, we studied DNA ligase in some viral-transformed cell lines derived from BS patients identical to those previously used (7, 9) and we extended the analysis to several untransformed BS or control fibroblasts by using the techniques mentioned above. To obtain an accurate quantification of total DNA ligase activity in cell extracts, we were careful to avoid the possible activity of other factors, present in enzyme fractions which could interfere with the ligase assay masking the true enzyme activity.
Our data indicate that BS cells present a level of DNA ligase activity equal or higher than control cells both with total cell extracts and after partial purification through FPLC chromatography of EBV-transformed lymphoblastoid cell extracts. Nor was any deficiency detected after activity gel analysis of all cell lines, whether transformed or not.
MATERIALS AND METHODS
Diploid untransformed nail lines, a) control cells : 1BR3 (Dr C. Arlett, University of Sussex, U.K.) is a normal human skin fibroblast ; HEL fibroblast line is from normal human embryonic lung (Dr B. Azzarone, Villejuif, France) ; XP5VI line is a skin fibroblast established in our laboratory from a xeroderma pigmentosum (XP) donor. mM Tris-HCI pH 8.0, 1 mM EDTA, 2mM DTT, 0.5 % triton X-100, 10 mM sodium bisulfite, 1 mM PMSF and 2 u.g • mM of each leupeptine and pepstatine (buffer A).
Cellular material was then centrifuged at 13,000 g for 30 min and supernatants (crude extracts) were assayed for ligase activity using a poly(dA) • oligo(dT) substrate as already described (22) . When crude extracts were prepared for FPLC analysis, cell lysates were sonicated in the presence of buffer containing all component of buffer A except that NaCI concentration was 0.1 M and triton X-100 was omitted (buffer B). Protein concentrations were determined by the Bradford's method (23) . Calibration curves were carried out using 10, 20, 50, 100 and 150 u.g • mM of BSA and fresh dye solutions were prepared for each experiments. Appropriate dilutions of crude extracts were carried out in order to obtain A595 values comprised within the linear portion of calibration curves.
DNA ligase assays were carried out in different experiments by using the same amount of proteins of different crude extracts, ranging between 30-50 u.g • mH of reaction mixture. In these conditions and using extracts prepared with buffer A, kinetics are linear for at least the first 9 minutes of incubation ( Fig. 1A and D If BS cells have a reduced level of DNA ligase I form, as it was previously reported (7-9), they should present a reduced extent of total enzyme activity in cell extracts.
Therefore, DNA ligase activity was first measured in crude extracts prepared from virus -transformed control or BS cells (SV40-transformed control HGOV5 and BS GM8505
fibroblasts or EBV-transformed control GM3299 and BS GM3403 lymphoblastoid cells) by using two different lysis buffers as described in "Materials and Methods". When total cell extracts were prepared with a high molar salt buffer containing detergent (buffer A), the ligase activity was easily measurable in these extracts, exhibiting a kinetics of first order. Under these conditions, the extent of the enzyme activity appeared to be higher in BS cell extracts than in controls ( Fig. 1 A) . In contrast, when cell extracts were prepared with low molar salt buffer without detergent (buffer B), no enzyme activity was detectable in cell extracts from both control and BS fibroblasts ( Fig. 1 B) . A possible explanation of the failure to detect DNA ligase in cell extracts obtained with buffer B could be the different chemical composition of these extracts thus determining different nucleic acids, salt and detergent concentrations in the assay, which could interfere with DNA ligase activity. In fact, an important consequence of carrying out the enzyme extraction in the presence of high molar salt concentration and detergents is the solubilization of a large amount of chromatin, yielding 630-980 u.g • ml-1 of endogenous DNA in the extracts prepared with buffer A, whereas only 25-60 u.g • mM of such DNA was recovered in extracts prepared with buffer B. Therefore, in an attempt to reproduce the conditions of the enzyme assay obtained in Fig. 1 A, we added to the extracts prepared with buffer B either salmon sperm DNA or NaCI and triton X-100 to a final concentration similar to DNA, salt and detergent concentrations of the extracts prepared with buffer A. Results showed that the enzyme activity becomes measurable (with kinetics of first order) only when a considerable amount (50 ng • ml-1) of exogenous DNA was added in the assay. In such conditions, BS cell extracts exhibited higher DNA ligase activity than control extracts (Fig. 1 B) . A similar effect of exogeneous DNA was obtained with BS or control lymphoblasts, or epithelial HeLa and XP44R0 transformed cell lines, but no significant effect was observed when salt and detergent were added without DNA (not shown). This results indicated therefore that crude extracts from transformed cells contain a factor which completely masks, in some conditions, the ligase activity. The activity of this factor is inhibited by nucleic acids present in the assay either as endogenous DNA, when extracts were prepared by using buffer A (Fig. 1 A) , or as exogenously-added DNA (Fig. 1B) . This factor was identified as a cellular DNase which hydrolyzed the poly(dA) • 32p -oligo(dT) substrate used for the DNA ligase assay (see below). The amount of this factor was apparently less important in untransformed diploid fibroblasts, since the DNA ligase activity from these cells (HEL, XP5VI, YBL6 and GM1492) was easily measurable in extracts prepared using buffer B (Fig. 1 D) , with kinetics of first order identical to those observed when extracts were prepared using buffer A (not shown). 
(20) 
Enzyme extraction was carried out with buffer A. The data refer to pmol.min-'f-mg-1 of proteins of oligo (dT) converted into alkaline phosphatase-resistant for ligase activity, or acid-soluble form for DNase activity ± : standard deviation. Number of experiments is indicated in parenthesis. Values of P were derived from the Student r-test. Table 1 shows the specific activity (SA) of DNA ligase in crude extracts from different cell lines prepared with buffer A. It is clear that the total activity of DNA ligase in different BS cells was higher than in control cells. The analysis of these values by the Student f -test revealed that these differences were statistically significant (P < 0.02 for untransformed lines and P < 0.001 for virus-transformed lines) for all BS cell lines investigated. In parallel, the extent of alpha and beta DNA polymerases was not found to be significantly different in control and BS cells. In control GM3299 lymphoid cells, the SA of these two DNA polymerases was 2.7 and 0.3 units per mg of proteins, respectively and in 1BR3 diploid fibroblasts, it was 1.0 and 0.2 units per mg of proteins, respectively. In BS cells, alpha and beta polymerase levels were at 2.9 and 0.3 units per mg of proteins for GM3403 lymphoid cells and 1.1 and 0.3 units per mg-1 of proteins, respectively for GM1492 diploid fibroblasts. Ligase activity of tumoral HeLa and XP44R0 cells was at the same level as in control HGOV5 and GM3292 transformed cells. In parallel, we quantified also the amount of substrate available in these assays for the enzyme detection and we defined DNase activity in the same extracts as the ability to convert the DNA ligase substrate into acid-soluble form. It appeared thus that the extent of DNase activity was 50 -100 times more elevated in transformed or tumoral cells than in untransformed control (1BR3 or HEL) cells. This explains that when ligase assay was carried out with extracts from these cell lines, the amount of intact substrate available for the ligase detection was much less than when the assay was made with untransformed cell extracts (Fig. 1) .
Moreover, DNase activity was much higher in BS cells than in controls : it was 12 times higher in YBL6 cells and 25 times in GM1492 BS than in control untransformed 1BR3 and HEL fibroblasts. In transformed cells, this activity was 2-3 times higher in GM8505 or GM3403 BS cells than in HGOV5 or GM3299 controls (Table 1) . We carried out further analysis of the enzyme in BS and control cells trying to separate DNA ligase from DNase activities. Two experimental approaches were followed : first, we analyzed the enzyme profile by gel filtration in FPLC of total crude extract or after its fractionation by ammonium sulfate or polymin-P precipitations ; second, we analyzed by activity gel all these enzyme fractions in order to know the active polypeptide composition of enzyme from control and BS patients.
2) DNA ligase activity from control and BS cell extracts measured following partial purification through FPLC.
When crude extracts from lymphoblastoid GM3299 control or GM3403 BS cells were prepared with buffer B and analyzed by FPLC, the enzyme was eluted in a single major form with an apparent molecular mass of 180 kDa for control or BS cells ( indicates that BS cells contained a higher extent of enzyme activity than control cells (18 units and 4.3 units respectively). About 10% of ligase activity was eluted close to void volume (Vo) of column. The main DNase activity was eluted close to Vo in both cases ( Fig.   2 A and D, closed symbols) . Therefore, in conditions allowing a good separation between DNA ligase and DNase, it appears that DNA ligase activity is about 4 times higher in BS than in control cells, confirming thus the results on total activity detected in crude extracts (Table 1) . When the same extracts were submitted to ammonium sulfate precipitation and then analyzed by FPLC, DNA ligase was eluted in multiple forms : a 180 kDa, a 90 kDa form and about 50% of activity eluted close to Vo in both control and BS materials. We observed again similar qualitative result between control and BS cells but a higher activity recovered in BS than in control cells (16.5 and 5.1 units units recovered, respectively, per 3.3 mg of proteins loaded). In these chromatographies, DNase activities coeluted with DNA ligase (Fig. 2 B and E) . DNA ligase activity of the supernatant after polymin P precipitation of the extracts is shown in panels C and F. Chromatographies displayed two peaks of 180 and 90 kDa for control material (Fig. 2 C) , the extent of which (6.5 units recovered per 2.6 mg of proteins loaded) was similar to that found for activity peaks obtained after chromatographies of crude extracts (A) or ammonium sulfate precipitation (C). In contrast, for BS material, the activity recovered after polymin P (Fig. 2 F) was strongly reduced (1.8 units recovered per 2.6 mg of proteins loaded) compared to the previous fractions (D and E) and this residual activity appeared in three peaks of 240, 180 and 90 kDa. The DNase activity was distributed in two peaks for control and in a broad peak for BS materiel (Fig. 2 C and F) . When fractions from FPLC chromatographies were assayed for the ability to convert a poly (rA) • 32p. O iigo (dT) substrate into alkaline phosphatase-resistant form, in order to identify the ligase II form, only the 90 kDa peak displayed this activity (Fig. 2 B, C, E and F), in agreement with previous reports (7, 9) . Therefore, according to the criteria of molecular size and substrate specificity, we can conclude that the major form of activity (the 180 kDa peak), identified in these experiments, corresponds to the DNA ligase I form, while the 90 kDa species corresponds to ligase II.
Thus, it appears that not only the total ligase activity (Table 1) but also the high molecular weight form fractionated trough FPLC corresponding to ligase I is significantly higher in BS than in control cells. Moreover, DNA ligase from BS cells does not seem to exhibit a reduced stability during storage (data not shown) or increased heat sensitivity as compared to control enzyme both in crude extracts and in FPLC peak fractions (Fig. 3) . precipitation of cell extracts by polymin P seems to be a crucial step leading to the specific loss of ligase activity in BS material (Fig. 2 F) . This could be explained either by a considerable degradation of the enzyme occurring during this step or by its precipitation with nucleic acids in the pellet. To verify this point, it could be necessary to measure the ligase activity in both supernatant and pellet obtained in this step. This assay was not possible because of the presence of polymin P which precipitates the ligase substrate.
However, the activity gel technique, which eliminates polymin P, allowed us to verify this point.
3) Identification of DNA ligase catalytical polypeptides in control or BS enzyme fractions by activity gels.
The activity gel analysis was carried out to study the DNA ligase active polypeptide(s) composition of control and BS untransformed and transformed cells. We wanted to know also whether the different purification procedures could affect the polypeptide composition of enzyme revealed by this technique. Results showed that almost all enzyme activity seems to be correlated to a major 130 kDa polypeptide for both control and BS cells (Fig. 4) . The intense lower 43 kDa band did not correspond to ligase activity, as revealed when the size of 32p-oligo(dT) in the gel was analyzed on DNA sequencing gel (not shown), as already described (16, 21, 25) . When growing lymphoblasts were collected from media and lysed directly in the gel as described in "Material and Methods", a 170 kDa band was also visible (lanes 1, 2) . It disappeared in crude extracts or after further AmS or polymin P precipitations (lanes 3-10), probably because of the instability of this high molecular mass species. Lower molecular mass (90, 80 and 60 kDa) active polypeptides were also visible in these fractions, and at much more extent, in crude extracts from control or BS SV40-transformed fibroblasts (lanes 11, 12) . A similar polypeptide pattern was obtained with untransformed control, XP or BS fibroblasts (lanes 13-16) . The intensity of all these bands in BS materials (lanes 2, 4, 6, 12, 15 and 16) is equal or higher than that in controls (lanes 1, 3, 5, 11, 13 and   14) , whatever the purification step. In contrast, in supernatant after polymin P precipitation, the active 130 kDa species, which was still present in supernatant from control cells (lane 7), disappeared completely in BS material (lane 8). The reverse situation was obtained when the protein fraction, which coprecipitated with nucleic acids in the pellet was extracted as described in "Materials and Methods" and then analyzed : BS pellet contained the 130 kDa polypeptide at much higher extent (line 10) than control pellet (lane 9). This indicates therefore that the loss of ligase activity observed in polymin P supernatant fraction of BS cell extracts after FPLC analysis (Fig. 2 F) , is due to the precipitation of the enzyme in the pellet and not to its more rapid degradation occurring during this step.
DISCUSSION
We have analyzed DNA ligase activity in human cell lines derived from the inherited BS disease, previously described to exhibit reduced levels of the enzyme. Our results indicate that the level of enzyme activity in cell extracts from these patients is not reduced but, in contrast, it is significantly higher than in control cells (Table 1 ). In our experiments we used DNA ligase substrates, size-fractionation procedure and, in part, cell lines similar or identical with those used in previous studies (7) (8) (9) (10) . However, our experimental methods employed for preparing cell crude extracts or partially purified enzyme fractions were different. It is possible therefore that the apparent discrepancy between our and previous results could be explained by the different procedures used. In fact, it. is possible that the composition of nucleic acids-protein complexes in cell extracts from normal or pathological cell lines could be different. In this case, more or less drastic physical methods employed for obtaining crude extracts, involving buffers with high or low salt concentrations, with or without detergent, or further precipitation with polymin P, could lead to recover or to detect different extents of DNA ligase in BS and control cellular fractions. An important point is the larger amount of DNase activity found in cell extracts from all BS cell lines, compared to control cells (Table 1 ). This enhanced activity, which appears to be an intrinsic characteristic of transformed cells (24) , hydrolyzes the appropriate substrate for the ligase detection, thus impeding the enzyme 
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Figure 4 Activity gel analysis of catalytic polypeptides of human DNA ligase in different enzyme fractions from control and BS cell lines. Lanes 1,2: cell lysates corresponding to 5 x 105 lymphoblasts were processed as described in "Materials and Methods" and analyzed. 20 u.g of proteins from crude extracts (3, 4)from pellet of AmS precipitation (5, 6) , from supernatant of polymin-P precipitation (7, 8) and from pellet of the latter precipitation (9, 10) extracted as described in "Materials and Methods", were used for control GM3299 (1, 3, 5, 7 and 9) or BS GM 3403 (2, 4, 6, 8, 10) lymphoblasts and were aliquots of materials shown in Figure 2 . 20 u.g of proteins of crude extracts from SV40-transformed control HGOV5 or GM8505 BS fibroblasts (lanes 11, 12, respectively) and from untransformed HEL (lane 13), XP5VI (lane 14) and from BS YBL6 and GM1492 (lanes 15, 16) fibroblasts.
quantification in cell extracts, when they are prepared by an experimental procedure limiting the presence of nucleic acids (Fig. 1) . However, when the effect of DNase activity on the labelled substrate was minimized in our experiments (Fig. 1) , DNA ligase activity appeared to be increased in BS fractions compared to controls, whatever the type of analysis carried out. Furthemore, our results indicate that the overall biochemical and biophysical properties of BS enzyme are identical to those of control enzyme: both exhibited an identical molecular mass (180 kDa) for the major peak of activity after FPLC (Fig. 2 A, D) or a 130 kDa polypeptide after activity gel electrophoresis (Fig. 4 ) and identical heat inactivation curves (Fig. 3) . After FPLC, a minor enzyme fraction (10 % of total activity) of 480 kDa for control and 400 kDa for BS material was also observed in crude extracts (Fig. 2 A, D) . Similar observations were made by Chan et al. (8) , after AcA34 gel filtrations of crude extracts from similar lymphoid cells. These authors observed that the extent of 400 kDa peak in the elution of BS material was reduced compared to that of 480 kDa observed in control (8) . It is difficult to establish whether these differences in size for a minor fraction of enzyme between control and BS materials could be significant. However, in our experiments, the amount of this high molecular mass material becomes about 50 % in the ammonium sulfate precipitation of the same extracts ( Fig. 2 B, E) and no reduction in size was observed in BS material (E). It is more likely, therefore, that this enzyme fraction would correspond to aggregate material eluting close to the void volume of the column rather than to large-sized form of the enzyme which could be altered (400 kDa) in BS cells. The distribution of the enzyme into several chromatographic enzyme forms after ammonium sulfate or polymin P precipitation of crude extracts (Fig. 2 B, C, E, F) could be explained by a different protein-nucleic acids composition of material associated to DNA ligase, arising from proteolytic activity, DNA degradation, or both, occurring during these procedures and leading to different FPLC mobilities of DNA ligase.
The activity gel analysis also revealed a BS enzyme polypeptide pattern normal with regard to control (Fig. 4) However, this technique monitors only the ability of the enzyme to form the adenylated intermediate and not its ability to join DNA molecules, as in the case of the activity gel technique used in our experiments. A similar molecular mass polypeptide could also be detected in our experiments by activity gel in different cell lines (Fig. 4) .
The extent of the increase of total enzyme activity (1.5 to 4 times), either in crude extracts (Table 1 ) or in partially purified fractions (Fig. 2) , in BS cells compared to control is similar to that previously observed in monkey or human cells after treatment with DNA-damaging agents (18, 22, 28) . During repair of lesions, single-stranded breaks occur and more DNA ligase seems to be necessary for joining DNA strands. In BS cells a similar situation may be constitutive, since the genetic material is submitted to spontaneous or free radical-induced breakage linked to the presence of a clastogenic factor (5, 29) and rejoining events. It is therefore likely that the high level of ligase activity in BS cells could be a consequence of the abnormal chromosomal instability. The fact that also in our experiments alpha and beta DNA polymerase levels in BS cells are not significantly different from that in control cells (see Results), as it has already shown by others (8, 30) , suggests thus that the increased DNA ligase level does not correspond to a general enhancement of DNA metabolizing enzymes.
In our experiments, we found a particular behaviour of the BS DNA ligase during polymin P precipitation, since this enzyme almost completely co-precipitated with nucleic acids, and this effect was not found with the enzyme from control cells (Fig. 2 and   4 ). We do not know the exact reason for this difference, which could be due either to a qualitative modification of the BS ligase or to the presence of some breaks, due to delayed maturation of newly-synthesized DNA (3) on the cellular BS DNA which, being the natural substrate of the enzyme, brings down the ligase during the polymin P precipitation. In fact, the same type of interaction between DNA ligase I and nucleic acids has been already reported for human placenta extracts (31) . Therefore, this interpretation allows us to explain the apparent discrepancy between our results and those already published by others (7) (8) (9) and to conclude that, if the genetic defect of BS can eventually affect DNA ligase, it does not promote a reduced level of the enzyme activity but may give rise to some modification of DNA-enzyme interaction. This conclusion agrees with results recently published by Runger and Kraemer (32) showing normal ligation efficiency of linear plasmid in BS cells.
